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The ttbar and tWb processes have the same final state and thus 
there exists a quantum interference effect

The interference is largest when tWb "looks like" ttbar

ATLAS separately generates ttbar and Wtb at NLO+PS with 
Powheg+Pythiap
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ttbar tWb

|AWWbb|2 ⇠ |A(Wtb)|2 + |A(tt)|2

+2R{A(Wtb)A(tt)}



|AWWbb|2 ⇠ |A(Wtb)|2 + |A(tt)|2
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Interference effects are estimated by comparing two ad-hoc 
prescriptions: 

Diagram Removal (DR) and Diagram Subtraction (DS)

Their difference is assigned as a systematic uncertainty

ATLAS separately generates ttbar and Wtb at NLO+PS with 
Powheg+Pythia
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Define Diagram Removal (DR) 
single top to take only the            pieceA(Wtb)
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The interference is largest when Wtb "looks like" ttbar

|AWWbb|2 ⇠ |A(Wtb)|2 + |A(tt)|2

+2R{A(Wtb)A(tt)}

Interference effects are estimated by comparing two ad-hoc 
prescriptions: 

Diagram Removal (DR) and Diagram Subtraction (DS)

Their difference is assigned as a systematic uncertainty

ATLAS separately generates ttbar and Wtb at NLO+PS with 
Powheg+Pythia6

Define Diagram Removal (DR) 
single top to take only the            pieceA(Wtb)

Define Diagram Subtraction (DS) single top
as the entire expression, minus a gauge-invariant 
term that exactly cancels          whenA(tt̄) M2
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Add’l details: Frixione et al.
arXiv:0805.3067
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Figure 5: Upper panes: results for the ratios defined in eq. (5.14), as a function of p
(ll)
T and

for various vetos. Lower panes: relative scale dependence (see eq. (5.16)). The linestyles

are the same as those of fig. 4.

Figure 6: Left pane: differential DR, DS, and LO distributions in p
(ll)
T . Right pane:

integral of the same distributions in the range p
(min)
T < p

(ll)
T < ∞, divided by the respective

total rates. These results are relevant to the case p
(veto)
T = 10 GeV.

in fig. 6, where we present in the left pane the differential distributions in p(ll)
T , as

computed with DR, DS, and at LO. The same information is presented in the right

pane of the figure, in an integral form:

1

σtot

Σ(p(min)
T ) =

1

σtot

∫ ∞

p
(min)
T

dp(ll)
T

dσ

dp(ll)
T

. (5.15)

The results of fig. 6 have been obtained by choosing p(veto)
T = 10 GeV. Although

the absolute value of the differential cross section has a non-negligible dependence

on p(veto)
T , its shape is relatively stable against variations of p(veto)

T . Thus, the right
pane of fig. 6 can be used with table 4 for estimating the number of events with

27

magenta = 
2L2b inclusive

selection

DS/DR disagreement large in extreme (search) phase space
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"Start 
worrying"

magenta = 
2L2b inclusive

selection

https://arxiv.org/abs/0805.3067


Run 2 LHC has provided us with  
millions of Wt events

Can we use this data to improve our 
understanding of tt-Wt interference?
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DRAFT

5 Discriminating variables339

Requiring two high-pT, isolated leptons and two b-tagged jets is already enough to ensure a fairly pure340

selection of tW b events. However, because we wish to include events with all lepton flavor combinations341

in our fiducial region, we reduce the contribution from Z/�⇤ ! `+`� by requiring that the invariant mass342

of the lepton pair satisfy m(l+l

�) > 10 GeV and |m(l+l

�) � 91 GeV| > 5 GeV. Non-tW b processes are343

e�ciently eliminated by these cuts, with further details given in Section 6.2.344

In the 2 b-jet, 2 lepton final state, the only di�erence between the tt̄ and single top processes is in the345

resonant structure of the W b pairs. Contributions from tt̄ are double-resonant in that both W b pairs should346

satisfy m

2(W b) ⇠ m

2
top. However the singly resonant, single top process is defined to inhabit the region347

where one of the W b pairs is o� the top mass shell. We wish to construct variables that can separate the348

doubly- and singly-resonant processes by exploiting this di�erence.349

We di�erentiate these processes by constructing masses from b + ` pairs, noting that m(b, `) < mtop 2350

when the b-jet and lepton are correctly paired.351

Assume that two leptons and b-jets are reconstructed in an event, calling them b1, b2, `1, `2. Then one can352

pair them to construct four unique masses, m11,m12,m21,m22, where m

i j

= m(b

i

, `
j

). In doubly-resonant353

tt̄ events, two of the masses are guaranteed to be below the top mass bound, (ignoring resolution e�ects on354

object reconstruction). In singly-resonant tt̄ events, only a single (b, `) pair is required to satisfy the top355

mass bound. We construct a variable min-max m(b, `) that e�ciently takes advantage of these di�erences356

as follows:357

min-max m(b, `) ⌘ min {max(m11,m22),max(m12,m21)} (2)

There are two ways to assign the b-jets to the leptons. Assuming that one has correctly paired the objects358

(so as to correctly group the decay products originating from the same top quark), we are interested in359

the larger of the two masses, hence the maximum. This mass will be lower than the top mass bound360

for doubly-resonant events, while it can “evade the top mass endpoint” for singly-resonant tW b events.361

However, one cannot know a priori the correct way to make the b-jet-lepton pairing, so one is forced to362

take the minimum over the possible ways to assign the objects.363

With this construction, the tt̄ process principally populates the region where min-max m(b, `) is less than364

the top mass bound, though in practice it can be measured to have larger values due to the b-jet energy365

resolution. Single top events populate the entirety of the min-max m(b, `) distribution incuding, crucially,366

the region where min-max m(b, `) is significantly beyond the top mass. Finally, the interference e�ect is367

most significant when the objects have high-pT. (This is observed via comparisons of the DR and DS368

schemes as well as with the LO Magdraph tt̄/tW b/WW bb samples, and is compatible with the findings369

of [19].) As a result of these e�ects, the region of large min-max m(b, `) is pure in single top events and370

very sensitive to the interference e�ect.371

While we employ the min-max m(b, `) variable in the analysis, there are other observables that one could372

define in a similar manner, taking the momentum of the indirectly observed neutrinos into account. Such373

alternatives were investigated and found to have poorer or comparable performance. Notably, variables374

built from hypotheses on the invisible neutrinos’ transverse momenta introduce additional resolution e�ects375

due to mis-measured E

miss
T , allowing for additional tt̄ to enter the region of large interference. Appendix B376

discusses the methods considered in detail and compares their performance to min-max m(b, `).377

2 Actually, the bound is made even stricter by the top’s decay to the massive W boson : m(b, `) 
q

m

2
top � m

2
W ⇡ 150GeV
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Important Properties:
min-max mbl < mtop for ttbar events

not necessarily for Wt events!

Herwig (Pennsylvania)

DRAFT

5 Discriminating variables339

Requiring two high-pT, isolated leptons and two b-tagged jets is already enough to ensure a fairly pure340

selection of tW b events. However, because we wish to include events with all lepton flavor combinations341

in our fiducial region, we reduce the contribution from Z/�⇤ ! `+`� by requiring that the invariant mass342

of the lepton pair satisfy m(l+l

�) > 10 GeV and |m(l+l

�) � 91 GeV| > 5 GeV. Non-tW b processes are343

e�ciently eliminated by these cuts, with further details given in Section 6.2.344

In the 2 b-jet, 2 lepton final state, the only di�erence between the tt̄ and single top processes is in the345

resonant structure of the W b pairs. Contributions from tt̄ are double-resonant in that both W b pairs should346

satisfy m

2(W b) ⇠ m

2
top. However the singly resonant, single top process is defined to inhabit the region347

where one of the W b pairs is o� the top mass shell. We wish to construct variables that can separate the348

doubly- and singly-resonant processes by exploiting this di�erence.349

We di�erentiate these processes by constructing masses from b + ` pairs, noting that m(b, `) < mtop 2350

when the b-jet and lepton are correctly paired.351

Assume that two leptons and b-jets are reconstructed in an event, calling them b1, b2, `1, `2. Then one can352

pair them to construct four unique masses, m11,m12,m21,m22, where m

i j

= m(b

i

, `
j

). In doubly-resonant353

tt̄ events, two of the masses are guaranteed to be below the top mass bound, (ignoring resolution e�ects on354

object reconstruction). In singly-resonant tt̄ events, only a single (b, `) pair is required to satisfy the top355

mass bound. We construct a variable min-max m(b, `) that e�ciently takes advantage of these di�erences356

as follows:357

min-max m(b, `) ⌘ min {max(m11,m22),max(m12,m21)} (2)

There are two ways to assign the b-jets to the leptons. Assuming that one has correctly paired the objects358

(so as to correctly group the decay products originating from the same top quark), we are interested in359

the larger of the two masses, hence the maximum. This mass will be lower than the top mass bound360

for doubly-resonant events, while it can “evade the top mass endpoint” for singly-resonant tW b events.361

However, one cannot know a priori the correct way to make the b-jet-lepton pairing, so one is forced to362

take the minimum over the possible ways to assign the objects.363

With this construction, the tt̄ process principally populates the region where min-max m(b, `) is less than364

the top mass bound, though in practice it can be measured to have larger values due to the b-jet energy365

resolution. Single top events populate the entirety of the min-max m(b, `) distribution incuding, crucially,366

the region where min-max m(b, `) is significantly beyond the top mass. Finally, the interference e�ect is367

most significant when the objects have high-pT. (This is observed via comparisons of the DR and DS368

schemes as well as with the LO Magdraph tt̄/tW b/WW bb samples, and is compatible with the findings369

of [19].) As a result of these e�ects, the region of large min-max m(b, `) is pure in single top events and370

very sensitive to the interference e�ect.371

While we employ the min-max m(b, `) variable in the analysis, there are other observables that one could372

define in a similar manner, taking the momentum of the indirectly observed neutrinos into account. Such373

alternatives were investigated and found to have poorer or comparable performance. Notably, variables374

built from hypotheses on the invisible neutrinos’ transverse momenta introduce additional resolution e�ects375

due to mis-measured E

miss
T , allowing for additional tt̄ to enter the region of large interference. Appendix B376

discusses the methods considered in detail and compares their performance to min-max m(b, `).377

2 Actually, the bound is made even stricter by the top’s decay to the massive W boson : m(b, `) 
q

m

2
top � m

2
W ⇡ 150GeV

13th June 2017 – 17:48 15

DRAFT

5 Discriminating variables339

Requiring two high-pT, isolated leptons and two b-tagged jets is already enough to ensure a fairly pure340

selection of tW b events. However, because we wish to include events with all lepton flavor combinations341

in our fiducial region, we reduce the contribution from Z/�⇤ ! `+`� by requiring that the invariant mass342

of the lepton pair satisfy m(l+l

�) > 10 GeV and |m(l+l

�) � 91 GeV| > 5 GeV. Non-tW b processes are343

e�ciently eliminated by these cuts, with further details given in Section 6.2.344

In the 2 b-jet, 2 lepton final state, the only di�erence between the tt̄ and single top processes is in the345

resonant structure of the W b pairs. Contributions from tt̄ are double-resonant in that both W b pairs should346

satisfy m

2(W b) ⇠ m

2
top. However the singly resonant, single top process is defined to inhabit the region347

where one of the W b pairs is o� the top mass shell. We wish to construct variables that can separate the348

doubly- and singly-resonant processes by exploiting this di�erence.349

We di�erentiate these processes by constructing masses from b + ` pairs, noting that m(b, `) < mtop 2350

when the b-jet and lepton are correctly paired.351

Assume that two leptons and b-jets are reconstructed in an event, calling them b1, b2, `1, `2. Then one can352

pair them to construct four unique masses, m11,m12,m21,m22, where m

i j

= m(b

i

, `
j

). In doubly-resonant353

tt̄ events, two of the masses are guaranteed to be below the top mass bound, (ignoring resolution e�ects on354

object reconstruction). In singly-resonant tt̄ events, only a single (b, `) pair is required to satisfy the top355

mass bound. We construct a variable min-max m(b, `) that e�ciently takes advantage of these di�erences356

as follows:357

min-max m(b, `) ⌘ min {max(m11,m22),max(m12,m21)} (2)

There are two ways to assign the b-jets to the leptons. Assuming that one has correctly paired the objects358

(so as to correctly group the decay products originating from the same top quark), we are interested in359

the larger of the two masses, hence the maximum. This mass will be lower than the top mass bound360

for doubly-resonant events, while it can “evade the top mass endpoint” for singly-resonant tW b events.361

However, one cannot know a priori the correct way to make the b-jet-lepton pairing, so one is forced to362

take the minimum over the possible ways to assign the objects.363

With this construction, the tt̄ process principally populates the region where min-max m(b, `) is less than364

the top mass bound, though in practice it can be measured to have larger values due to the b-jet energy365

resolution. Single top events populate the entirety of the min-max m(b, `) distribution incuding, crucially,366

the region where min-max m(b, `) is significantly beyond the top mass. Finally, the interference e�ect is367

most significant when the objects have high-pT. (This is observed via comparisons of the DR and DS368

schemes as well as with the LO Magdraph tt̄/tW b/WW bb samples, and is compatible with the findings369

of [19].) As a result of these e�ects, the region of large min-max m(b, `) is pure in single top events and370

very sensitive to the interference e�ect.371

While we employ the min-max m(b, `) variable in the analysis, there are other observables that one could372

define in a similar manner, taking the momentum of the indirectly observed neutrinos into account. Such373

alternatives were investigated and found to have poorer or comparable performance. Notably, variables374

built from hypotheses on the invisible neutrinos’ transverse momenta introduce additional resolution e�ects375

due to mis-measured E

miss
T , allowing for additional tt̄ to enter the region of large interference. Appendix B376

discusses the methods considered in detail and compares their performance to min-max m(b, `).377

2 Actually, the bound is made even stricter by the top’s decay to the massive W boson : m(b, `) 
q

m

2
top � m

2
W ⇡ 150GeV

13th June 2017 – 17:48 15

wrong pairing: mbl usually large
correct pairing: mbl bounded by mtop



!

t

t

b1

1

!

b2

2

16

 [GeV]blreco min-max m
0 50 100 150 200 250 300 350 400 450 500

Ev
en

ts
 / 

20
 G

eV

1−10

1

10

210

310

410

510
Total SM
tt
Wt (DR)Wt (DS)

ATLAS Work in progress
simulation

-1 = 13 TeV, 36.1 fbs

 [GeV]blreco min-max m

W
t (

D
R

) p
ur

ity

0

0.5

1

 [GeV]blreco min-max m

D
S 

/ D
R

0

0.5

1

Analysis strategy: 
measure this spectrum!

Herwig (Pennsylvania)



!

t

t

b1

1

!

b2

2

17

 [GeV]blreco min-max m
0 50 100 150 200 250 300 350 400 450 500

Ev
en

ts
 / 

20
 G

eV

1−10

1

10

210

310

410

510
Total SM
tt
Wt (DR)Wt (DS)

ATLAS Work in progress
simulation

-1 = 13 TeV, 36.1 fbs

 [GeV]blreco min-max m

W
t (

D
R

) p
ur

ity

0

0.5

1

 [GeV]blreco min-max m

D
S 

/ D
R

0

0.5

1

Analysis strategy: 
measure this spectrum!

Herwig (Pennsylvania)

All Wt here is NLO+PS
Powheg+Pythia6

(DR and DS)



Fiducial region:

exactly 2 leptons, exactly 2 b-tagged jets

mll > 10 GeV and |mll-mZ| > 5 GeV
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Fiducial region:

exactly 2 leptons, exactly 2 b-tagged jets

mll > 10 GeV and |mll-mZ| > 5 GeV

Single lepton triggers

lepton pT > 28 GeV

b-jet pT > 20 GeV

tag at 60% efficiency WP, veto at 85%
19 Herwig (Pennsylvania)



DRAFT

Selection Signal Z CR Fake CR tt̄ + (g ! bb̄) CR

Signal leptons = 2 = 2 = 2 = 2
Lepton charges opposite opposite same opposite
Lepton flavor – ee/µµ – –
Z selection Z veto |m`` � m

Z

| < 5 GeV Z veto Z veto
b-tagged jets 85% e�. WP = 2 = 2 = 2 � 3
b-tagged jets 60% e�. WP = 2 = 2 = 2 � 3

Table 8: Overview of the control regions defined to estimate the backgrounds due to Z+jets, events with fake leptons,
and tt̄ produced in association with extra heavy flavor quarks. “Z veto” denotes that events are rejected which have
a pair of opposite-sign, same-flavor leptons with reconstructed mass within 10 GeV of the Z boson. Table entries
denoted “–” imply that no selection is made for this region.
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Figure 2: The reconstructed min-max m(b, `) distribution for MC events entering the detector-level fiducial region,
shown with (a) linear and (b) logarithmic scales. No normalization factors are applied.
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Z backgrounds are the dominant non-tWb contribution to the interference region, being particularly403

important because the absence of real tops in the process allows them to populate regions of large404

min-max m(b, `). Note that the predicted Z yield in the region of min-max m(b, `) > 200 GeV comes405

completely from the same-flavor channel, with less than one event predicted to enter the eµ region.406

The Z control region (ZCR) is defined by inverting the Z mass window cut in the detector-level fiducial407

region, requiring |m(`+, `�)�m
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| < 5 GeV. The narrow Z window is chosen to maximize purity and avoid408

removing a large number of events from the interference region. A single normalization factor is derived in409

the ZCR and applied to the Z+jets MC prediction in the SR and other CRs. A single, global normalization410

factor is applied, identical in every bin of the di�erential distributions. A per-bin normalization strategy is411

currently under study, as some trend is observed in min-max m(b, `). The resulting m(`+, `�) distribution412

is given in Figure ??, where the purity of Z+jets events in this region is found to be greater than 80%.413

Yields are presented in bins of min-max m(b, `) in Table 21.414
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dominant backgrounds estimated from data
using dedicated control regions (CRs)

ttbar and Wt are treated together as the signal process
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if the identified b-jets 
aren’t from top decays

ttbar can pass the 
kinematic endpoint!
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(with ttbar and Wt treated together)
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DR pseudodata

DRAFT

Selection Signal Z CR Fake CR tt̄ + (g ! bb̄) CR

Signal leptons = 2 = 2 = 2 = 2
Lepton charges opposite opposite same opposite
Lepton flavor – ee/µµ – –
Z selection Z veto |m`` � m

Z

| < 5 GeV Z veto Z veto
b-tagged jets 85% e�. WP = 2 = 2 = 2 � 3
b-tagged jets 60% e�. WP = 2 = 2 = 2 � 3

Table 8: Overview of the control regions defined to estimate the backgrounds due to Z+jets, events with fake leptons,
and tt̄ produced in association with extra heavy flavor quarks. “Z veto” denotes that events are rejected which have
a pair of opposite-sign, same-flavor leptons with reconstructed mass within 10 GeV of the Z boson. Table entries
denoted “–” imply that no selection is made for this region.
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Conclusions

We expect to reduce the systematic uncertainty associated 
with ATLAS’s treatment of the tt-Wt interference

We present the first measurement of the WWbb final state 
in a region of maximal tt-Wt interference

Measurement is sensitive to the large differences between 
state-of-the-art generators

24 Herwig (Pennsylvania)



Backup



Figure 5: Upper panes: results for the ratios defined in eq. (5.14), as a function of p
(ll)
T and

for various vetos. Lower panes: relative scale dependence (see eq. (5.16)). The linestyles

are the same as those of fig. 4.

Figure 6: Left pane: differential DR, DS, and LO distributions in p
(ll)
T . Right pane:

integral of the same distributions in the range p
(min)
T < p

(ll)
T < ∞, divided by the respective

total rates. These results are relevant to the case p
(veto)
T = 10 GeV.

in fig. 6, where we present in the left pane the differential distributions in p(ll)
T , as

computed with DR, DS, and at LO. The same information is presented in the right

pane of the figure, in an integral form:

1

σtot

Σ(p(min)
T ) =

1

σtot

∫ ∞

p
(min)
T

dp(ll)
T

dσ

dp(ll)
T

. (5.15)

The results of fig. 6 have been obtained by choosing p(veto)
T = 10 GeV. Although

the absolute value of the differential cross section has a non-negligible dependence

on p(veto)
T , its shape is relatively stable against variations of p(veto)

T . Thus, the right
pane of fig. 6 can be used with table 4 for estimating the number of events with

27

Figure 4: Gauge dependence of the DR cross section, as a function of the pT of the lepton

pair, for a non-covariant gauge with n2 > 0. Upper pane: results of the fits, using the

form in eq. (5.9). Lower pane: envelope of curves obtained by varying all parameters of

the fit within their error ranges (see the text for details), divided by the best fit curve,

minus one. Black solid, red dashed, blue dotted, and green dot-dashed lines correspond to

p
(veto)
T = 10, 30, 50, and 70 GeV respectively. The magenta solid line with open boxes is

obtained without imposing any veto.

one can see from the figure, all curves resulting from the fit are remarkably flat (they

cannot actually be easily distinguished). Some of them may be seen to depart from
one at the largest p(ll)

T values, but this behaviour is not statistically significant. To

show this, we present in the lower pane of fig. 4 the envelope of the curves obtained
by considering all combinations of values ai = a0

i ± ∆(ai), with a0
i and ∆(ai) being

the best values and their fitting errors respectively (as given by MINUIT [36]). The
envelope is then divided by the best fit curve and unity is subtracted, so as to give
an upper bound for the error affecting the fitting procedure. Only the result relevant

to p(veto)
T = 10 GeV is presented in the lower pane of fig. 4, since all the others are

essentially identical.

We therefore conclude that, regardless of the observable studied, the impact of
gauge dependence in the DR computation can be safely neglected in the numerical

studies that follow.

5.3 Impact of interference

In order to gauge how much of the difference between DS and DR is due to the
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